A specific complex is formed between fd DNA, Escherichia coil DNA unwinding protein, and RNA polymerase (EC 2.7.7.6; nucleosidetriphosphate:RNA nucleotidyltransferase) during the first steps in the conversion of the single-stranded viral DNA to the double-stranded replicative form. In this complex a unique DNA fragment of about 120 nucleotides is protected against nuclease digestion. Both the requirements for its isolation and its position on the map of the phage enome indicate that the fragment contains the origin of sine-strand to double-strand DNA replication. The isolated DNA fragment possesses double-strand-like characteristics, which protect it from being covered by the DNA unwinding protein and thus indirectly positions the RNA polymerase to the origin of replication.
Single-strand to double-strand (SS -RF) replication of filamentous bacteriophage (M13, fd) DNA requires as an early step the function of the host RNA polymerase (1) (2) (3) . This function most likely is the transcription of a short specific segment of the DNA template, the position of which has been identified as a specific gap in a replicative form (RF) II intermediate (4) . Experiments with purified proteins showed that the site-specificity of the initiation reaction depended on the presence of Escherichia coli DNA unwinding protein (3), a DNA binding protein with high affinity for singlestranded DNA (5) . This suggested that the origin region is specified by a hairpin structure, which, due its secondary structure, remains unmasked by the DNA unwinding protein, and is thus specifically accessible to the RNA polymerase. This notion is also supported by the fact that several short fragments with hairpin characteristics can be isolated from single-stranded fd DNA (6) .
In this study we report the isolation and some characteristic properties of the DNA segment that is bound by the RNA polymerase in the fd DNA-unwinding protein-RNA polymerase complex and thus protected against nuclease digestion.
MATERIALS AND METHODS
Most materials and methods have been described previously: fd [3H]-and [32P]DNA (10) , pyrimidine tract analysis and base composition (9) , venom phosphodiesterase and E. coli exonuclease I (6) , RNA polymerase (EC 2.7.7.6; nucleosidetriphosphate:RNA nucleotidyltransferase) (7), E. coli DNA unwinding protein (5, 8) , S1 nuclease (11) . DNase Hpa II-Fragmented fd RF DNA was prepared as described (10) . fd DNA minus-strand fragments were isolated by A. Klaas from a preparation that carried bromouracil as a density label in its minus strand using equilibrium centrifugation in an alkaline CsCl/Cs2SO4 gradient (12 species, but only low-molecular weight material, was observed if RNA synthesis was allowed during digestion ( Fig.  3d) , or if the RNA polymerase or the DNA unwinding protein were omitted from the reaction mixture (not shown).
Thus, a family of related DNA fragments of similar size seems to be protected against nuclease digestion in the specific preinitiation complex for SS -RF conversion. The size of the main band material, as judged from its electrophoretic mobility, is about 120 nucleotides. This is a low estimate since it is not certain that the ori-DNA fragment is fully single-stranded in the electrophoresis buffer (7 M urea). It agrees well with the fraction of the fd DNA molecule pro- tected (2% of 6000 nucleotides), and suggests that a single DNA segment has been selectively protected and isolated. This was substantiated by fingerprint analysis (see below). The material of the main band(s) (RF 0.33-0.38) was, therefore, pooled from a large-scale experiment without further resolution into subspecies and used for structural analysis of the ori-DNA. Nonspecific binding of RNA polymerase to fd DNA In the absence of the DNA unwinding protein less than 1% of fd DNA resisted the standard nuclease treatment (Fig. 1) , even at high polymerase/DNA ratios, and no defined bands were detected on the gels. Binding sites could be isolated, however, if exonuclease I was omitted from the reaction mixture or was replaced by venom phosphodiesterase. Under these modified conditions the polymerase-protected DNA showed no specific bands, but a broad size distribution from 30 to 60 nucleotides (Fig. 3h) . Its yield strictly depended on the amount of polymerase present (Fig. 2B) . At a ratio of 20 polymerase molecules per fd DNA, about 10% of the DNA was protected, which corresponds to more than ten sites per DNA molecules. This randomly complexed DNA was rapidly degraded in the presence of exonuclease I (Fig.  2C) . Base composition of ori-DNA Analysis of the constituting 5'-mononucleotides after hydrolysis with DNase I and venom phosphodiesterase indicated a base composition of ori-DNA as follows: G 26%, T 32%, A 17%, C 25%. This differs substantially from the composition of the total fd DNA: G 20.2%, T 34.8%, A 24.5%, C 20.5% (6), and does not agree with a perfectly base-paired hairpin structure.
Polypyrimidine fingerprints Fingerprint analysis of oligopyrimidine tracts was used to determine the complexity of the DNA fragments. As shown in Fig. 4 , ori-DNA gives rise to a simple fingerprint, which is characterized by the unusually strong spots TC3, TC4, T2C2, T3, T5C, and T4C3, whereas the very common spots T2 and TC2 are missing. A quantitative evaluation of the data (Table 1) shows that most nucleotides are present in stoichiometric amounts and indicates a total of about 120 constituting nucleotides. Several oligopyrimidines, e.g., T5C and TC4, were absent from an otherwise identical fingerprint of a short subspecies, (RF 0.40, n = 100), whereas several additional spots were observed in the pattern of a large precursor band (RF = 0.22) (data not shown). These results indicate that the ori-DNA fragments are all derived from the same RNA polymerase binding site by variable extents of nuclease degradation, which occurs at specific sites of the protected region.
In contrast, fingerprints from DNA fragments that were protected by the polymerase in the absence of the DNA unwinding protein showed complexities similar to total fd DNA ( The electrophoretic mobilities of ori-DNA and of some references are presented in Table 2 . They show that under nondenaturing conditions ori-DNA migrates relatively fast with an RF of 0.52 which corresponds to the mobility of an SS DNA reference of about 90 nucleotides, and to that of a DS DNA fragment of about 350 base pairs. Under the same conditions an SS marker of ori-DNA size migrated significantly more slowly (RF 0.45), whereas DS markers with 120 and 60 base pairs migrated well ahead. These data suggest for ori-DNA a secondary structure that is more compact than that of SS fragments from other parts of the fd DNA molecule, but less ordered than that of a perfectly basepaired DNA duplex.
The Si experiments (Fig. 5) showed that ori-DNA is about 10 times more resistant to this SS-specific enzyme than fulllength fd DNA Hpa-L, a DNA duplex of 60 base pairs, is stable. Gel electrophoresis of the reaction products (Fig. 3f and g ) indicates the formation of distinct intermediates during ori-DNA degradation. These migrate in urea gels as diffuse bands with a size of about 55, 35, and 15 nucleotides. Thus the DS segments in the ori-DNA appear to be separated by SS regions which are preferentially attacked by the nuclease.
Mapping of ori-DNA on the fd DNA genome
The origin of SS --DS DNA replication in filamentous bacteriophage has been located within or close to fd Hpa-H (4), a restriction fragment of about 400 nucleotides which maps in the vicinity of the junction of genes II and IV (10) . It was therefore of interest to find out whether ori-DNA also mapped within the same region on the fd genome. To this end 32P-labeled ori-DNA was annealed to a mixture of Hpafragmented, unlabeled fd minus-strand DNA. The resulting hybrids were then analyzed for size distribution on a 4% polyacrylamide gel. Random fd [32P]DNA fragments of ori-DNA size were annealed and analyzed in a parallel control experiment. In addition, Hpa-fragmented, 32P-labeled fd minus-DNA served as a marker.
The result of such an experiment is presented in Fig. 6 . It shows that 32p label from ori-DNA migrated as a single band in the position of the single-stranded Hpa-H reference. In the control, label from random DNA fragments was distributed between several more diffuse bands which migrated with the mobility of the large Hpa fragments A to E, whereas no defined 32P-labeled bands were visible on the autoradiograms in the range of Hpa-F to -H. Therefore, a direct correlation of the hybrid bands was not possible. However, since fragment Hpa-H separates well in this system from any other Hpa fragment, it seems safe to use the singlestranded Hpa-H marker as a reference and to conclude that ori-DNA maps within Hpa-H.
A self-complementary DNA sequence is also indicated by the relatively high mobility of the Hpa-H minus-strand in the acrylamide gel under native conditions (Fig. 6, SS) . Hybridization of the ori-DNA fragment to this region increases the contour length of the Hpa fragment, but the resulting lower mobility will be compensated by a faster migration of the now completely double-stranded section carrying the ori-DNA fragment. DISCUSSION Based on experiments with purified proteins, the initiation of the SS RF conversion of filamentous bacteriophage DNA has been postulated to occur in several discrete steps (3): (i) a DNA binding protein covers all the single-stranded DNA except for a "hairpin region"; (ii) RNA polymerase attaches specifically to the unmasked region and synthesizes a short RNA chain; (iii) this RNA is utilized as a primer for DNA synthesis by the DNA polymerase III holoenzyme.
Our data provide direct experimental evidence for the first part of this scheme: by omitting the DNA-synthesizing system and the four ribonucleoside triphosphates, the reaction was arrested in the specific preinitiation complex formed by RNA polymerase and the DNA unwinding protein-covered fd DNA template. This complex turned out to be stable enough to allow the isolation of the polymeraseprotected segment of the origin region by nuclease digestion.
The isolated DNA fragment has a size of approximately 120 nucleotides. It was demonstrated to encompass a unique segment of the fd DNA molecule by the congruency of size, yield, and the simplicity of its polypyrimidine fingerprint, and also by its localization on a single restriction nuclease fragment. Several lines of evidence suggest that it containsor is a part of-the origin of SS --DS DNA replication: (i) the requirements for its isolation are identical to those needed for the site-specific initiation of SS DNA --RF conversion; (ii) the site is left immediately by the RNA polymerase if RNA synthesis is allowed, i.e., it serves as an efficient promoter and contains the start point for RNA synthesis; (iii) the ori-DNA fragment maps at (or very close to) the gapped region of the RF II species that has been identified by in vitro experiments as a late intermediate in the SS RF conversion (4).
The ori-DNA fragment showed the expected DS-like properties: high resistance to nuclease SI and enhanced mobility on gels under native conditions. In the absence of the DNA unwinding protein, the RNA polymerase does not bind preferentially to this region, but attaches at random to many sites on the DNA single strand. The complexes formed there differ from the specific complex at the origin by a much smaller size of the polymerase-protected DNA fragment and by their high sensitivity to the action of exonuclease I.
In view of these data, the specificity of the initiation reaction appears to be caused entirely by the inability of the E. coli DNA "unwinding" protein to unwind and to cover the double-stranded origin region in the otherwise single-stranded DNA template. Thus, structural information that cannot be recognized as such by the RNA polymerase is amplified by a rather unspecific DNA binding protein, so that it becomes a specific start signal for polynucleotide synthesis. Similar auxiliary functions in regulatory processes can be assumed for many other apparently unspecific DNA binding proteins, including the histones in the eukaryotic cell.
The particular features of the origin region, by which it is discriminated by the DNA binding protein from the other 98% of the fd DNA molecules, are not completely understood. So far, size, mobility in acrylamide gels, resistance to nuclease S1, and base composition of the ori-DNA fragment definitively exclude a single completely base-paired hairpin structure comprising the total DNA segment. These data instead suggest that the origin DNA is folded similarly to tRNA into a compact structure by intramolecular base-pairing of only short runs of self-complementary nucleotide sequences. Some of the short double-stranded, looped structures of the ori-DNA appear to be present in the "core" fraction from fd DNA which resists SS-specific nucleases and which has been isolated and characterized (6) . This is indicated by the overlap of the respective oligopyrimidine fingerprints and by the fact that several fd DNA core fragments have been shown to map, as the ori-DNA fragment, in restriction fragment Hpa-H (unpublished results).
It should be noted that double-stranded structures similar to ori-DNA could also be used as initiation signals in other single-stranded phage DNAs (3) .
In the life cycle of filamentous bacteriophage the selfcomplementary nucleotide sequences of the ori-DNA may additionally function as a recognition site in RF -1 RF replication, in transcription (10) , and in the processing and circularization of linear SS phage DNA (6) .
